Abstract--We have developed an algorithm to calculate rapidly and accurately the rate (photons-molecule-~-sec-t) at which the ozone v3 fundamental band absorbs i.r. radiation in the terrestrial upper mesosphere and lower thermosphere. Accurate knowledge of this rate is essential for studies of non-LTE processes in ozone and for estimating ozone concentrations from measurements of non-LTE i.r. emission from the middle atmosphere. In our algorithm, the 1252 ozone v 3 fundamental lines that govern radiative absorption are divided into 13 groups according to line strength. The absorption rate due to a single line representative of the mean line strength of each group is then calculated. The total absorption rate is obtained by multiplying the absorption rate for each mean line by the total number of lines within each group and adding the resultant products for all 13 groups. We also incorporate several other approximations, such as assuming that each mean line has the same Voigt line shape, which significantly reduces the number of Voigt function evaluations. The algorithm preserves the accuracy of detailed, time-consuming line-by-line approaches while requiring only a fraction of the CPU time of such techniques.
INTRODUCTION
One of the most important excitation mechanisms of the v3 fundamental band of ozone in the upper mesosphere and lower thermosphere is the absorption of radiation emitted by lower mesospheric and upper stratospheric ozone. ~-3 Radiative absorption drives this transition from local thermodynamic equilibrium (LTE) and is the dominant loss mechanism of ground state ozone in the nighttime upper mesosphere and lower thermosphere. I Emission from the v3 fundamental band of ozone (centered at 1042.1 cm-~) is also frequently observed in remote sensing experiments. It is therefore necessary to have an accurate knowledge of the radiative absorption rate in order to correctly calculate the v3 fundamental source function for use in non-LTE studies 4 and for use in algorithms designed to determine the ozone concentration from i.r. emission measurements.
The expression for the radiative absorption rate in photons-molecule-l-see-~ at an altitude z can be readily derived. The amount of energy per unit time per unit solid angle per unit frequency, dEv, absorbed from an individual pencil of radiation is given by (e.g., Chandrasekhar 5) dEv = k~L, (1) where k~ is the absorption cross section (cm 2) and Iv the specific intensity. The total absorbed energy per unit time is obtained by integrating Eq. (I) over solid angle and frequency,
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where df~ indicates integration over solid angle and dv integration over frequency. The radiative absorption rate ~ in units of photons-molecule-Lsec-~ is obtained by dividing dEv by hv, the photon energy, prior to integrating over solid angle and frequency. Thus,
is the quantity frequently used in statistical equilibrium models of ozone. ~ Formal evaluation of Eq. (3) for ozone is extremely time consuming because of the number of atmospheric layers involved, the number of spectral lines, and the required spectral resolution. Different researchers have employed various approximations in order to evaluate the integral in Eq. (3) readily. Rawlins 3 used a spectrally-averaged intensity to evaluate ~, i.e., = Sjv/hvo, (4) where S b is the band strength, and v0 the frequency at band center. Solomon et al 2 solved the two-level problem for ozone using a Curtis-matrix formulation and they then inferred ~. However, neither of these approaches is preferable to the direct evaluation of :~. The Curtis-matrix approach used by Solomon et al is numerically unstable: and the Rawlins 3 approach will yield correct values only when the spectrally-averaged intensity iv is equal to the intensity absorbed by each spectral line, which rarely occurs. Furthermore, Mlynczak 6 has shown that high-resolution, line-by-line accuracy is necessary in order to replicate correctly the correlation between the incident radiation and the absorption coefficient in the calculation of the absorption rate. Average intensities, even over narrow spectral intervals, cannot accurately simulate the integral of Eq. (3).
Through a series of approximations to and exploitations of the physics of radiative absorption by mesospheric and lower thermospheric ozone, we have developed a computationally fast algorithm to evaluate Eq. (3). The technique maintains the accuracy ultimately needed for correct source function evaluation, while significantly reducing the computation time from that required for direct calculations. The calculation of ~ between ~ 50 and ~ 110 km in steps of approx. 2 km (i.e., at 33 pressure levels) now requires about 1.6 CPU sec on a Digital Equipment Corp. VAX 11-785.
We describe the algorithm in Sec. 2. Radiative absorption rates calculated using detailed approaches are then compared with rates using our new approach described herein. We also compare the ozone v 3 fundamental source functions calculated using the radiative absorption rates from both approaches.
APPROXIMATIONS IN THE EVALUATION OF
The first step in reducing the number of mathematical operations needed to compute ~ is to neglect the weakest lines of ozone that do not significantly contribute to the radiative absorption rate. Of the 6992 v3 fundamental ozone lines listed on the 1986 HITRAN database (Rothman et a17), the 1252 lines with strengths (at 296 K) greater than 10 -22 cm-~-molecule-Lcm 2 constitute 97.3% of the band strength. We only consider these 1252 lines since it was shown by Mlynczak 6 that the neglected weak lines contribute negligibly to ~. Next, we divide the 1252 lines into groups of lines according to line strength. Within each group, we calculate the mean line strength and the mean air-broadened Lorentz halfwidth. Linear weighting is used because of the small range of line strength employed in defining the groups. Each group is then assigned a mean frequency centered about 1040 cm-h Partitioning the lines in this way results in 13 groups which are detailed in Table 1 . The next step is to define a strength-weighted, air-broadened Lorentz halfwidth for the entire set of lines, using mean parameters from the groups of lines, viz.
O~SL = ~ siaio~iL/ ~ SiN i.
Here, Si is the mean line strength in group i, Ni the number of lines in group i, and ~ [ the mean air-broadened halfwidth in group i. A strength-weighted frequency o9 s is also calculated by i substituting the frequencies found in Table I into Eq. (5) both decrease rapidly above the stratopause. 6 Furthermore, we simplify the integration over solid angle by assuming that the upwelling radiation is independent of the azimuthal angle (4) and that the specific intensity integrated over zenith angle (O) is accurately approximated by the specific intensity at some mean zenith angle (O). These approximations can be expressed analytically as
~c, dO which then simplifies to
We evaluate L(O) at a given altitude for sec(O) equal to 1.667 using the expression
f0
: Az
where By is the Planck blackbody function and (Az/Az) is the weighting function corresponding to the path through a plane-parallel atmosphere at a zenith angle of 8. The sensitivity of the calculation to the assumed value of ~ will be discussed in Sec. 3. Table 2 . Latitudes, local times, and seasons for the five case studies for which the two approaches to calculating the radiation absorption rate are compared. The validity of the upwelling radiation assumption can be seen by examining Fig. 1, which shows the strength-weighted weighting function 13 W,(z) = Az(z)S,N,/ ~., S~N i (12) for the first four mean lines, evaluated at the line center. The case presented is for evaluating the upwelling radiation at 86 kin. The strength-weighted weighting function shows not only the altitudes which contribute to the upwelling radiation but also the relative importance of each of the first four groups of lines. The peak contribution to the radiation field at 86 km arises at 46, 46, 44 and 42 km, for groups 1--4, respectively. Groups 2, 3, and 4 contribute roughly the same to ~¢. It should be noted that these first four groups are responsible for nearly 75% of the total band strength and therefore approx. 75% of ~. The remaining groups of lines are weaker lines whose peak contributions will come from even lower in the atmosphere. Therefore, the approximation of using the upwelling radiation only is quite good. Mlynczak and Drayson ~ found it unnecessary to consider non-LTE source functions in the evaluation of ~ for ozone, which is further evidence that the downwelling component is negligible. The assumption of upwelling radiation is not valid in the lower mesosphere (z < 60 kin). However, the v3 fundamental band is very nearly in LTE in this region, and it is therefore unnecessary to have highly accurate values of ~ below 60 kin.
In our algorithm we explicitly calculate the upwelling intensity at every five pressure levels (approx. every 10 kin) between 1 l0 and 50 km. The upwelling intensity at intervening pressure levels is set equal to the value of the upwelling intensity calculated at the pressure level immediately below the intervening levels in altitude. ~ is then evaluated at each of the 33 pressure levels between 110 and 50 km using absorption coefficients evaluated for the conditions at each level. Finally, we assume that spectral line overlap is not significant because in the mesosphere and lower thermosphere the Doppler halfwidth is about 100 times smaller than the average line spacing of the 1252 strong ozone lines of the v3 fundamental. We will be comparing the results from our new approach with results from an approach that explicitly includes line overlap and that explicitly includes integration over solid angle. If line overlap is significant, then we do not expect the results from the two approaches to agree.
RESULTS
We compare the radiative absorption rates calculated from the approach described above with rates calculated by explicitly considering the contribution from the 1252 ozone v3 fundamental lines and by explicitly integrating the specific intensity over zenith angle. Absorption cross sections are calculated in this more detailed approach using the routines developed from Drayson. 8' 9 The spectral resolution is 6000 quadrature points per cm-i and the spectral interval over which ~ is evaluated is 986--1072 cm-1. Integration over zenith angle is accomplished using 4-point Gaussian integration. We calculate only the upwelling component of the radiation field at each altitude between ~50 and ~ 1 l0 km in steps of approx. 2 km. Calculations with this more detailed algorithm including downwelling (LTE) radiation changed the values of ~ by < 0.01% above 75 kin. Finally, overlap of spectral lines is explicitly included in this detailed formulation.
We have calculated and compared radiative absorption rates for five case studies representing a variety of atmospheric conditions using both approaches described herein. The case studies are listed in Table 2 . The kinetic temperature profiles and ozone concentration profiles at 35°N are from a one-dimensional photochemical model described in Sanders et al, I° while the remaining profiles are from the two-dimensional model of Garcia and Solomon." Listed in Table 3 is the percent difference in the radiative absorption rates as calculated by the two approaches for each of the five case studies. With the exception of Case 4, agreement between the calculated rates is generally better than 1.5% in the upper mesosphere and lower thermosphere (z > 65 kin). Finally, the generally good agreement can also be taken as evidence that spectral line overlap is not a significant problem in the evaluation of ~/.
The poorer agreement between the rates calculated for Case 4 is a consequence of the kinetic temperature structure of the atmosphere at 82 ° N. Figure 2 shows the temperature profiles for Cases 3 and 4. The lapse rate in the 50-30 km layer in Case 4 is approx. 75% larger than in Case 3 and it is also much larger than at other latitudes. Therefore, even slight differences in the effective shapes and magnitudes of the weighting functions of each approach used to calculate ~ will translate into relatively large differences in ~ when such large lapse rates exist. To verify that slight differences in the placement of the weighting functions in the presence of a large upper stratospheric lapse rate are responsible for the differences in the calculated values of ~ in Case 4, we evaluated the integral
for each of the five cases. Here, B[T(z)] is the Planck function at altitude z, g(z -z') is a Gaussian weighting function of full-width at half-maximum of 10 km, centered and peaking at z', and N represents the upwelling intensity. Varying z' by approx. 2 km (from the 1 to the 1.33 mbar surface) changed the value of N by 14% in Case 4. In contrast, N varied by only 4.2% in Cases 1 and 2, by only 3.0% in Case 3, and by only 0.85% in Case 5. We conclude that the accurate evaluation of ~' in the presence of large upper stratospheric lapse rates requires higher vertical resolution than the 2 km resolution which we have employed. Because of the good agreement obtained when using the two approaches to evaluate ~ in all other cases, we expect that high vertical resolution calculations using the new approach will yield accurate values of ~ for atmospheric conditions such as those in Case 4. We anticipate that the small differences in the radiative absorption rates calculated using each of the two approaches will have negligible impact in the calculation of v3 fundamental source functions. To verify this expectation we use the radiative absorption rates calculated by both approaches in the statistical equilibrium model of Solomon et al 2, using the formulation and photochemistry described by Mlynczak and Drayson.Z With the exception of Case 4, the calculated source functions are virtually insensitive to the differences in the values of ~ at the levels reported here. In Case 4, the source functions agree to better than 4%. It should be noted that under LTE conditions, an uncertainty in the kinetic temperature of only 2 K would yield an uncertainty in the ozone v3 fundamental source function of approx. 6%. We therefore conclude that the slight uncertainties in the calculated ~ values are of little consequence in the calculation of the source function and will therefore contribute very little to the uncertainty in ozone concentrations retrieved from i.r. emission measurements. Much larger uncertainties will exist due to lack of knowledge of the mechanisms and rate constants relevant to the chemical pumping and vibrational relaxation process, u2 One of the assumptions employed in our new algorithm is that the specific intensity integrated over zenith angle could be approximated by the calculated specific intensity at one zenith angle. This approximation is possible in the upper mesosphere and lower thermosphere due to the fact that there is generally not a strong zenith angle dependence in the upwelling specific intensity from ozone. Our detailed calculations show a variation of approx. 3-10% in the specific intensity over the four Gaussian angles. Consequently, almost any mean zenith angle could be employed in the algorithm.
In order to investigate the range of ~ that could be expected under representative geophysical conditions, we calculate ~ from pole to pole at northern hemisphere winter solstice (at local noon) using our new approach. The temperature and ozone profiles are from the two-dimensional model of Garcia and Solomon. It The results are shown as a function of latitude and altitude in Fig. 3 . The value of ~ varies by a factor of 2.6, and the variation is essentially due to the gradient from pole to pole in the temperature of the stratopause region. As is evident from Fig. 1 , the radiative absorption rate in the upper mesosphere and lower thermosphere is governed by the kinetic temperature and ozone concentration in the vicinity of the stratopause. The increase in ~ evident around the high-latitude southern hemisphere mesopause (80--90 kin) is due to the slightly larger band strength in the v3 fundamental band that occurs because of the very cold (150-165 K) summer mesopause temperatures.
Finally, we have calculated source functions for the v3 fundamental band using radiative absorption rates calculated with our new approach and the statistical equilibrium model (rates and mechanism) of Solomon et a13 The ratio of the source function to the local value of the Planck function is shown as a function of latitude and altitude in Fig. 4 for daytime conditions during northern hemisphere winter. The source function calculated from the Solomon et al 2 model is greater than the Planck function from about 55 to 105 kin over a wide range of latitude. The strong enhancement near the summer pole is due to the cold kinetic temperatures of that region 050-170 K) coupled with the large values of the radiative absorption rate (at) which are a result of the warm summer stratopause. The maximum enhancement of the source function over the Planck function is approximately a factor of 40 at the summer pole. Chemical pumping effects (due to the reaction of atomic oxygen with molecular oxygen) also serve to drive this transition from LTE, but such processes are of lesser importance in the determination of the enhancement of this source function. In contrast, the source function at the winter pole (90° N) shows only moderate enhancement over LTE, due to the small values of at at high latitudes (see Fig. 3 ) which result from the cold winter stratopause. In addition, below ~ 85 km, there is little atomic oxygen in polar night so that chemical pumping is virtually non-existent and therefore has almost no effect on the source function for this transition.
SUMMARY
By exploiting the physics of radiative transfer in upper mesospheric and lower thermospheric ozone, we have developed an algorithm to calculate accurately and efficiently the rate of radiative absorption by the v3 fundamental band of ozone. This new algorithm is over four orders of magnitude faster than very detailed approaches used to calculate the radiative absorption rate. Source functions calculated using the radiative absorption rates from the new algorithm are essentially identical to those calculated using the rates from more time-consuming approaches. This new technique is readily applicable to studies of non-LTE processes in ozone and to radiance inversion algorithms used to determine the ozone concentration from i.r. emission measurements. Any error in the source functions introduced by using the new approach to calculate the radiative absorption rate is much less than the error introduced in the source functions due to uncertainties in the chemical pumping and vibrational relaxation mechanism.
